ABSTRACT: Resilient functioning, the attainment of unexpected competence despite significant adversity, is among the most intriguing and adaptive phenomena of human development. Although growing attention has been paid to discovering the processes through which individuals at high risk do not develop maladaptively, the empirical study of resilience has focused predominantly on detecting the psychosocial determinants of the phenomenon. For the field of resilience to grow in ways that are commensurate with the complexity inherent to the construct, efforts to understand underlying processes will be facilitated by the increased implementation of interdisciplinary research designed within a developmental psychopathology framework. Research of this nature would entail a consideration of psychological, biological, and environmentalcontextual processes from which pathways to resilience might eventuate (known as equifinality), as well as those that result in diverse outcomes among individuals who have achieved resilient functioning (know as multifinality). The possible relation between the mechanisms of neural plasticity and resilience and specific suggestions concerning research questions needed to examine this association are discussed. Examples from developmental neuroscience and molecular genetics are provided to illustrate the potential of incorporating biology into the study of resilience.
INTRODUCTION
Child maltreatment sets in motion a probabilistic path of epigenesis for abused and neglected children characterized by an increased likelihood of failure and disruption in the successful resolution of salient developmental tasks, resulting in a profile of relatively enduring vulnerability factors that increase the probability of the emergence of maladaptation and psychopathology. 1 Because the vast majority of children are adversely affected by their maltreatment experiences, child abuse and neglect may represent the greatest failure of the caregiving environment to provide opportunities for normal development. However, not all maltreated children develop maladaptively. Indeed, some abused and neglected youngsters function in a competent fashion despite the pernicious experiences they have encountered.
The achievement of competent functioning in a subset of maltreated youngsters is but one example of how some individuals who have endured deleterious experiences nonetheless manage to develop adaptively. Understanding how individuals overcome significant adversity and function adaptively has captured the imagination and interest of humanity throughout the ages; however, it has been only a little more than three decades that the systematic empirical study of the phenomenon that is today known as resilience began. 2 The roots of work on resilience can be traced back to prior research in diverse areas, including investigations of schizophrenia, poverty, and response to trauma. 2 Resilience is a dynamic developmental process that has been operationalized as an individual's attainment of positive adaptation and competent functioning despite having experienced chronic stress or detrimental circumstances, or following exposure to prolonged or severe trauma. 2 Resilience is multidimensional in nature, exemplified by findings that high-risk individuals may manifest competence in some domains and contexts, whereas they may exhibit problems in others. 2 A large volume of research has examined the individual, family, interpersonal, and broader environmental-contextual correlates of, and contributors to, resilience. Despite the growing attention paid to discovering the processes through which individuals at high risk do not develop maladaptively, the empirical study of resilience has focused primarily on detecting the psychosocial determinants of the phenomenon. 2 Because self-righting, one of the basic mechanisms underlying resilience, has historical roots embedded in the fields of embryology and genetics, 3 it is unfortunate that researchers investigating the pathways to resilient adaptation have eschewed the inclusion of genetic and biological measures. For the field of resilience to grow in ways that are commensurate with the complexity inherent to the construct, efforts to understand underlying processes will be facilitated by the increased implementation of interdisciplinary research designed within a developmental psychopathology framework. Research of this nature would entail a consideration of psychological, biological, and environmental-contextual processes from which varied pathways to resilience might eventuate (known as equifinality), as well as those that result in diverse outcomes among individuals who have achieved resilient functioning (known as multifinality). 4 The role of biological factors in resilience is suggested by evidence on neural and neuroendocrine system function in relation to stress reactivity, 5 and in behavior-genetic research on nonshared environment effects. 6 Similarly, molecular genetic research can reveal the genetic elements that may serve a protective function for individuals experiencing significant adversity, such as child maltreatment. 7 Furthermore, the map of human haplotypes recently has been completed, thereby providing valuable information about individual genetic variation, a powerful tool for identifying both vulnerability and protective genes, that, in interaction with specific environmental experiences, may eventuate in mental disorder or resilience, respectively. 
MULTIPLE-LEVELS-OF-ANALYSIS
We believe that a multiple-levels-of-analysis perspective, in which biological measures are incorporated into the predominantly psychosocial and environmental-contextual measurement batteries used in research on the determinants of resilience, is crucial for continued progress to take place in charting the pathways to competent functioning in the presence of significant adversity. 9 The concurrent examination of environmental-contextual, psychological, and biological processes and their interplay at varying developmental periods will provide a more integrative conceptualization of the developmental course. 10 Because levels of organization and processes of biological and psychological development are reciprocally interactive, it is difficult, if not impossible, to impute ultimate causation to one level of organization over another. The consideration of the totality of attributes, psychopathological conditions, and risk and protective processes in the context of each other rather than in isolation is crucial for understanding the course of development taken by individuals.
Although it would be impractical for most investigators to include all levels of analysis within the same experimental design, the growing movement toward collaborative interdisciplinary research within the disciplines of neuroscience and developmental psychopathology offers optimism that a multiple-levels approach will become increasingly prevalent. 11 The incorporation of such a perspective into the study of resilience will result in a more sophisticated and comprehensive portrayal of this phenomenon that will serve not only to advance the scientific knowledge of resilience, but also to inform efforts to translate research on positive adaptation in the face of adversity into the development of interventions to promote resilient functioning.
AVOIDING THE REDUCTIONIST PITFALL
In the context of resilience, we do not wish to convey or encourage the reduction of resilience to biological processes. Rather, we believe that biology is but one part of what should be an all-encompassing systems approach to understanding resilience, which needs to take into account all levels of analysis from the cellular to the cultural. 12, 13 In fact, reducing psychological phenomena to components of genetic, neuroanatomical, neurochemical, and neurophysiological factors dismisses the great impact that experience has on these processes, and relegates psychology to the realm of an ephemeral behavioral marker of biological processes. This reductionism is the antithesis of a multiple-levelsof-analysis approach that emphasizes the primary importance of the interrelations of all factors. For example, just as gene expression alters social behavior, so, too, do social experiences, such as child maltreatment and institutional upbringing exert actions on the developing brain by feeding back upon it to modify gene expression, 14 and brain structure and functioning. 1, 10 Furthermore, despite the fact that the molecular mechanisms whereby environmental factors exert long-term effects on gene expression in humans are not fully understood, alterations in gene expression induced by learning and by social and psychological experiences produce changes in patterns of neuronal and synaptic connections and, thus, in the function of nerve cells.
14 Such neuronal and synaptic modifications not only exert a prominent role in initiating and maintaining the behavioral changes that are provoked by experience, but also contribute to the biological bases of individuality, as well as to individuals being differentially affected by similar experiences, regardless of their valence.
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NEURAL PLASTICITY AND RESILIENCE
Recognizing that mechanisms of plasticity are integral to the very anatomical structures of cortical tissue and cause the formation of the brain to be an extended malleable process, developmental psychopathologists and neuroscientists are presented with new avenues for understanding the vulnerability and protective aspects of the brain as contributors to the etiology, course, and sequelae of maladaptation and resilience. 15 Now that it is evident that experience can impact the microstructure and biochemistry of the brain, a vital role for early and continuing neural plasticity throughout epigenesis in contributing to the development of, and recovery from, various forms of maladaption and psychopathology is suggested.
Children endowed with normal brains may encounter a number of experiences, including maltreatment, poverty, and parental mental disorder, that may exert a deleterious impact on the structure, function, and organization of the developing brain. The pathology induced in brain structure, functioning, and organization may distort the child's experience, with subsequent alterations in cognition or social interactions causing additional pathological experience and added brain pathology. Moreover, because some maltreated children function resiliently despite having experienced significant adversity, 1 it is likely that the experience of child abuse and neglect may exert different effects on the neurobiological structure, function, and organization in well-functioning maltreated children than in the typical maltreated child. 1 More broadly, the artificial distinction among genetics, biology, and behavior within the human organism contradicts years of research indicating co-actions between all levels of analysis, from the environment broadly construed to the molecular. 16 The pathways to either psychopathology or resilience are influenced, in part, by a complex matrix of the individual's level of biological and psychological organization, experience, social context, timing of adverse event(s) and experiences, and developmental history.
The study of neural plasticity in modern neuroscience and associated disciplines has brought to bear a wide range of empirical methodologies to describe observed dynamic processes at the synaptic and cellular levels that appear to underlie neural plasticity. 17, 18 Neural plasticity is viewed as a dynamic nervous system process that orchestrates nearly constant neurochemical, structural, and functional central nervous system (CNS) alterations in response to experience. Advances in the study of neural plasticity could be fruitfully employed as a model to begin to hypothesize about the genetic and biological underpinning of resilience. Several decades of empirical investigation have revealed that plasticity is an inherent property of the CNS, and that the manifestation of plasticity is part of a normative process in the mammalian CNS. 17, 18 Indeed, it has been suggested that the plasticity of the human brain is one of the central defining mechanisms of the evolutionary success of the human species.
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MECHANISMS OF NEURAL PLASTICITY
Neural plasticity has predominantly been thought of as reorganization within systems of the CNS, evidenced by changes in anatomy, neurochemistry, or metabolism, and is most typically studied in the context of several types of events impinging on the CNS. The neuroplastic changes that take place are often dramatic, and can include observable changes in the neural substrate that are translated into changes observable at the behavioral level. Such changes that are hallmarks of plasticity can occur on one or more levels of analysis, including molecular, cellular, neurochemical, neuroanatomical, and at the level of brain systems.
The mechanisms of experience-based neural plasticity begin with the organism interfacing with its environment. 20 The fundamental processes undergirding neural plasticity at all levels of analysis are believed to be two mechanisms underlying the modulatory effects of neurotransmitters. One of these is protein phosphorylation and the other is the regulation of gene expression.
Protein phosphorylation appears to be the major molecular mechanism of neural plasticity, and is generally considered to be the mechanism by which the modulation of neuronal function is achieved through alterations in the functional state of many different types of neural proteins, such as ion channels, neurotransmitter receptors, and processes by which neurotransmitter storage and release is regulated. 20 Protein phosphorylation regulates both presynaptic and postsynaptic neurotransmitter receptors, with corroborative evidence suggesting that phosphorylation alters the functional activity of receptors. Additionally, protein phosphorylation plays a central role in cell growth and differentiation.
The second primary mechanism by which neurotransmitters can effect longterm changes in the function of target neurons is by regulating gene expression within those neurons. Such changes in gene expression produce quantitative and qualitative changes in the protein components of neurons, including, for example, alterations in the numbers and types of ion channels and receptors present on the cell membrane as well as levels of proteins that regulate the morphology of neurons and the numbers of synaptic connections that form. Further, neurotransmitters continually regulate neuronal gene expression as a way to fine-tune the functional state of neurons in response to many varied synaptic inputs. 20 Regulation of neural gene expression by neurotransmitters can in some cases produce long-lasting changes in virtually all aspects of neuronal functioning.
Generally, changes to the CNS mediated by protein phosphorylation do not involve changes in protein synthesis and therefore are likely to have a rapid onset, be more readily reversible, and have a shorter duration compared to neural plasticity mediated by gene expression. However, both of these processes serve to mediate the long-term effects of experience on the brain. The biochemical and molecular changes brought about through these two processes, through a cascade of intermediate neural processes, lead to changes in the function and efficacy of synapses, changes in the processing of information by individual neurons, and ultimately to changes in the way multicellular neural networks within the brain communicate with each other. 20 The challenge of future research attempting to relate neural plasticity to particular behavioral phenomena is to find associations between specific alterations in neural processes, brought about by phosphorylation and gene expression, and behavior. Presently, we do not know if some of the difficulties displayed by persons who have experienced significant life adversity are irreversible, or whether there are particular sensitive periods when it is more likely that neural and behavioral plasticity will occur. Moreover, it is not known whether some neural or psychological systems may be more plastic than other neural or behavioral systems. Furthermore, it is not known whether particular neural or psychological systems may be more refractory to change or have a more time-limited window when neural plasticity can occur. Consequently, it is critical that research investigations on the correlates and determinants of resilient adaptation begin to incorporate molecular genetic and neurobiological methods into their predominantly psychological measurement armamentaria.
HOW PRINCIPLES OF NEURAL PLASTICITY MIGHT INFORM THEORY AND RESEARCH
Analogous to neural plasticity that takes place in response to brain injury, resilience can be viewed as the ability of an individual to recover after exposure to trauma or adversity. In this view, adversity is thought to exert a damaging effect on one or more neural substrates, and mechanisms of neural plasticity bring about recovery in an individual. This might lead to the conclusion that certain individuals, classified as resilient, may have some increased innate capacity (plasticity), above and beyond normative levels, to recover from environmental insults that exert an impact on the brain.
This view of resilience conceives of adversity in the environment as "bad" for the brain, with recovery as an innate property of the brain itself. This perspective, however, does not consider the impact of a positive environment, or of the individual's active attempts at coping, on such recovery.
Another conceptualization of resilience would be one of greater than normative resistance to the impact of environmental adversity on the brain, such that resilient individuals may not succumb to the potentially damaging effects that adversity may have on the brain and other biological systems. This view of brain-adversity interaction would not strictly be classified as involving neural plasticity. Thus, for these individuals, the term recovery of function may not apply, in that they did not "lose" function at all. The distinction between these two formulations of resilience also can generate important research questions concerning the relation of neural plasticity to resilience. Such questions underscore the importance of employing longitudinal research designs that can begin to examine the brain's capacity either to resist damage from adversity or to use its restorative capabilities.
For example, a number of questions about resilient adaptation could potentially be addressed using neuroimaging methodologies, including: (1) Do brain structure and function differ between resilient and nonresilient children matched on comparable experiences of adversity? (2) Are particular areas of the brain more or less likely to be activated in resilient than in nonresilient functioning during challenging or stressful tasks? (3) Are there changes over time in brain structure and/or functioning in individuals classified as resilient that may reflect processes of neural plasticity? (4) Are there differences in connectivity, assessed through diffusion tensor imaging, between regions of the cerebral cortex, possibly providing evidence of neural plasticity as one of the underlying mechanisms of resilient outcomes?
GENE × ENVIRONMENT INTERACTION AND RESILIENCE
Knowledge of genetic variation may help to identify which individuals are most vulnerable to adverse experiences. Through investigating gene × environment (G × E) interactions, protective functions of genes may also be discovered. Caspi et al. 7 examined how genetic factors contribute to why some maltreated children grow up to develop antisocial personality disorders, whereas other maltreated children do not. In this longitudinal study of males from birth to adulthood, it was found that a functional polymorphism in the promoter region of the gene encoding the neurotransmitter-metabolizing enzyme monoamine oxidase A (MAOA) moderates the effects of child maltreatment. The link between child maltreatment and antisocial behavior was far less pronounced among males with high MAOA activity than among those with low MAOA activity. Of relevance to the importance of including biological measures in research on resilience, it is conceivable that the gene for high MAOA activity may confer a protective function against the development of antisocial disorder in males who have experienced maltreatment.
The results of the Caspi et al. 7 investigation suggest that a G × E interaction helps to explain why some maltreated children, but not others, develop antisocial behavior via the effect that stressful experiences, such as child maltreatment, exert on neurotransmitter system development. Specifically, the probability that child maltreatment will eventuate in adult antisocial behavior is greatly increased among children whose MAOA is not sufficient to render maltreatment-induced changes on neurotransmitter systems inactive.
A second large-scale prospective investigation conducted by Caspi et al. 21 is another compelling example of how the incorporation of a multiple-levels perspective can elucidate the processes that contribute to pathological or resilient adaptation. These investigators found that adults with a functional polymorphism in the promoter region of the serotonin transporter (5-HTT) gene moderated the influence of stressful life events on depression. Specifically, individuals with one or two copies of the short (s) allele of the 5-HTT promoter polymorphism developed more depressive disorders, depressive symptoms, and suicidality than individuals homozygous for the long (l) allele when confronted with high stress. The s allele in the polymorphic region is associated with lower transcriptional efficiency of the promoter compared with the l allele.
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The Caspi et al. 21 study also provides evidence of a G × E interaction, in which an individual's response to environmental insults is moderated by his or her genetic makeup. Furthermore, Caspi et al. discovered that, congruent with a G × E interaction, adult depression was predicted by the interaction between the s allele in the 5-HTT gene-linked polymorphic region and child maltreatment that occurred during the first decade of life. The G × E interaction revealed that child maltreatment predicted adult depressive disorder only among individuals carrying an s allele (i.e., s/s or s/l), but not among l/l homozygotes. Thus, the l/l homozygous allele may prove to confer a protective function against the development of adult depression in individuals who have been maltreated.
As researchers increasingly integrate the tools of contemporary neuroscience and molecular genetics into behavioral science investigations that also precisely measure and define environmental and contextual variables, we believe that we are at the intersection of a new age of discovery for understanding pathways to maladaptive and resilient adaptation.
IMPLICATIONS OF A MULTIPLE-LEVELS-OF-ANALYSIS APPROACH FOR RESILIENCE-PROMOTING INTERVENTIONS
Luthar and Cicchetti 22 concluded that research on resilience "should target protective and vulnerability forces at multiple levels of influence" (p. 878). The incorporation of a neurobiological framework and the utilization of genetically sensitive designs into interventions seeking to promote resilient functioning or to repair positive adaptations gone awry may contribute to the ability to design individualized interventions that are based on knowledge gleaned from multiple biological and psychological levels of analysis. The inclusion of neurobiological assessments in the design and evaluation of interventions designed to foster resilience enables scientists to discover whether the various components of multifaceted interventions each exert a differential impact on separate brain systems. We think that successful resilience-promoting interventions may be conceptualized as examples of experience-dependent neural plasticity. 23 If assessments of biological systems are routinely incorporated into the measurement batteries employed in resilience-facilitating interventions, then we will be in a position to discover whether the nervous system has been modified by experience.
The incorporation of a neurobiological framework into the conceptualization of preventive intervention holds considerable promise for expansion of knowledge regarding complexity of the developmental process. By basing preventive trials on more comprehensive, integrative developmental theories of psychopathology, prevention research offers the opportunity to conduct developmental experiments that alter environment and experience in efforts to promote resilient functioning among individuals faced with significant adversity. Determining the multiple levels at which change is engendered through preventive trials will provide more insights into the mechanisms of change, the extent to which neural plasticity may be promoted, and the interrelations between biological and psychological processes in resilience and psychopathology.
CONCLUSION
A multiple-levels-of-analysis perspective on resilience should not be misinterpreted as equating resilience with biology. Moreover, the inclusion of biological measures in resilience research should not hearken scientists back to the time when some espoused the view that there were "invulnerable" children.
To the contrary, existing theories in developmental neuroscience are quite compatible with organizational and systems theories in the fields of developmental psychology and psychopathology. 24 The inclusion of biological measures into research on resilience still requires adherence to a dynamic transactional view that acknowledges the importance of context. Biological, psychological, and environmental-contextual domains are each essential to include in basic research on resilience and in resilience-promoting interventions. If we are to grasp resilience in its full complexity, then we must adopt a multiple-levels-of-analysis approach.
